The X-ray luminescence spectra of doped lithium tetraborate have been analyzed on the basis of accounting the set of spectral transitions for different atomic charge states. It has been shown that the X-ray luminescence peculiarities are to a great extent due to the transitions between the energy levels of dopant atoms and ions, as well as to the levels, which form the lithium tetraborate matrix.
Introduction
It is well known that introduction of a small quantity of dopant into the lithium tetraborate (LTB) enables its sensitivity to ionizing radiation influence to be increased substantially. The most promising from this point of view are the copper, silver and manganese dopants, for which the best photoluminescence characteristic indices were achieved [1] [2] [3] [4] [5] [6] [7] [8] [9] dependent on the criteria of the choice of the dopant type. In the most, such studies have been carried out for the monocrystalline lithium tetraborate--based phosphorus.
We suggest here a new approach to the analysis of the luminescence spectra of doped LTB in accordance with the peculiarities of the spectral composition of emission for different charge states of atoms. This method could be applied to explain the X-ray luminescence (XL) spectra and also the LTB matrix, the luminescence centers of which could be proper defects, excess or undercoordinated atoms of the structural network. Such approach is productive only for the broad-band materials, when the sufficient number of atomic levels of dopant-defect are located in the forbidden band, as well as given the assumption that the crystalline field affects insufficiently their energy values and does not result in the above levels splitting.
Experimental results
Note that the choice of a type of a dopant for the matrix based on the LTB materials affects considerably their luminescent characteristics and prospects of their use as the tissue-equivalent dosimetric materials. These properties are due to the energy spectrum of impurity states * corresponding author; e-mail: kostyn@gmail.com in the conduction band, which, in the case of the broad--band dielectrics, has its own specific features.
Indeed, in the case of LTB one should take into account that a large band gap (E g ≈ 9 eV) realizes a specific "transparency window" for the external radiation, which, in the case of the presence of the discrete energy levels of the dopant atom or proper defects, is decisive for stimulated optical transitions. The question is how the structure of atomic levels of the dopant in the crystalline field of the substance matrix is preserved, how are they split and do they lose the signs of isolated atoms or ions?
It is well known that the valence electrons located in the unfilled electron shells take part in the energy band formation in semiconductors and dielectrics. For instance, it has been found in the case of LTB [10] that the electron states near the valence band vertices are formed mainly by the 2p-states of oxygen, while the deeper states correspond to the 2s orbitals of oxygen. Contribution of atomic orbitals of other atoms (Li, B1 in BO 3 and B2 in BO 4 ) is 10 times less, that of the 2p-states of boron atoms dominates at the conduction band bottom, while Li and B atom orbitals take almost no part in the low--energy "band-band" transitions, since their contribution into transitions near the conduction band bottom is not essential.
Other (deeper) boron and oxygen atomic levels in the LTB matrix do not take part in the band structure formation, however, being filled with electrons, they also do not take part in the optical transitions. This situation is changed when the proper defects are produced or when the dopant atoms are incorporated into the matrix. In this case, the dopant atom levels occurring in the "transparency window" energy range may play a decisive role in the stimulated optical transitions in LTB. Moreover, they may determine the doped LTB luminescent spectra, i.e., the latter may have the signs of atomic or ionic emis-sion spectra of relevant dopant atoms. This is confirmed by the comparison of the luminescent spectra of doped Li 2 B 4 O 7 Ag, Cu, Mn with the energy positions of spectral lines of emission of the centers of atomic Li, B, Ag, Cu and Mn in different charge states produced under the influence of high-energy exciting radiation.
The XL-spectra were excited under irradiation of the quanta up to the 40 keV energy and 20 mA current by means of an X-ray tube with molybdenum anti-cathode.
The XL spectra studies were carried out using an automated setup according to the method described in [11] . The LTB samples crystallized from the glassy state at the 773 K temperature during 5 h were used in our studies including those doped by copper, silver and manganese. An activator quantity was chosen from the condition of the most intense XL spectra (i.e., Cu -0.056 mol.%, Ag -0.083 mol.% and Mn -0.16 mol.%). The results of the studies are shown in Figs. 1a-d. As follows from Fig. 1a , the XL spectrum of the crystallized glassy Li 2 B 4 O 7 is characterized by a single broad band with a maximum at 322 nm (3.86 eV) and distinct features with the energies of 355 nm (2.96 eV), 426 nm (2.72 eV) and 540 nm (2.34 eV). Two main bands were observed in the XL spectrum of the crystallized LTB:Mn (Fig. 1b) : a narrow one at 615 nm (2.02 eV) and a complex wide band with the maxima at: 375 nm (3.25 eV), 354 nm (3.46 eV) and 324 nm (3.83 eV). In the XL spectrum of the crystallized LTB:Cu (Fig. 1c) , three distinct maxima were found at: 745 nm (1.66 eV), 336 nm (3.69 eV) and 232 nm (5.30 eV). It should be noted that the intense maximum in the 250-590 nm (2.10-4.8 eV) region has a complex nature.
The XL spectrum of LTB:Ag (Fig. 1d ) is characterized by a broad band with a pronounced maximum at 278 nm (4.46 eV) and a number of less intense features at 324 nm (3.90 eV), 462 nm (2.66 eV) and 542 nm (2.28 eV). Note that introduction of Ag modifier results in a shift of the main maximum to the UV region with respect to undoped crystallized lithium tetraborate, whereas doping with Mn and Cu results in its shift to the IR region of the spectrum.
Let us analyze the XL spectra of doped LTB on the basis of peculiarities of the dopant atoms spectra for different charge states.
From the analysis of the energy dependences under study (Fig. 1 ) it follows that a broad asymmetric emission band in the 250-500 nm (2.48-4.96 eV) region is typical for all of the above dependences. A considerable width and a specific shape of the band indicate its complex structure, while its position is related to the emission processes due to the crystallized LTB lattice with no participation of the dopant atoms (ions). The correctness of this assumption is justified by the identity of the shape and intensity of this band as compared to the emission spectrum of the LTB single crystal obtained in the similar conditions of excitation and existence of emission in this energy interval at doping by Ag or Cu [5] . Correlation between the positions of maxima of the band structure and the spectral position of atomic, singly and doubly-charged lithium lines allows one to suggest that this band in the undoped LTB polycrystal is due to the complexes comprising Li ions and atoms with emission energies corresponding to: 2s3d-1s6f , 1s3s-1s4p, 1s 2 2p-1s 2 5d and 1s3d-1s4f transitions. A certain contribution to this band is due to the boron atoms and ions, since some spectral emission lines coincide with the emission frequencies for the 1s 2 2s2p-1s 2 2p 2 , 1s 2 2s3d-1s 2 2s4f and 1s 2 2s3d-1s 2 2s4f transitions [12] . In the case of the crystallized LTB:Mn, the XL spectrum demonstrates an intense maximum at 615 nm (2.02 eV). A good agreement of the shape and energy position of this emission band with the radioluminescence emission spectrum [13] of polycrystalline LTB:Mn and photoluminescence spectra in the glassy and crystalline LTB:Mn [1] allows one to assert that the luminescence nature in this energy region is due to the radiative transitions of singly, doubly and triply-charged Mn + ions, the principal of them being as follows: 1s3d-1s6f , 3d 5 4s4p-3d 5 4s5s, 3d 5 4s4p-3d 5 4s5s. Similarly to the energy dependences described above, the LTB:Cu emission spectrum is characterized by an asymmetric broad maximum in the 250-550 nm (2.25-4.96 eV) region, the luminescence of which is due to the emission of the centers that comprise the atoms of the basic matrix with no participation of the dopant atoms and ions. These are the radiative transitions 2 2 S-2 2 P due to the luminescence of singly-charged Li + and B + ions. Other features found in the XL spectrum for LTB:Cu in the 660-775 nm region (1.6-1.88 eV) agree well by their energy positions with the emission frequencies of atoms on the doubly-charged copper ions due to the 3d 9 4s → 3d 10 transitions [5] . The XL-spectrum of the crystallized LTB:Ag is very similar by the shape and intensity to the spectrum of stoichiometrically crystallized Li 2 B 4 O 7 and has a form of a broad band lying within the 250-600 nm (2.06-4.96 eV) interval. Large width and clear asymmetric character of this band indicate its complex structure. A considerable difference from the crystallized undoped LTB is a sharp short-wavelength limit of the band near 260 nm (4.77 eV). Such character of the energy dependence could be due to the imposition onto the XL spectrum of the emission of the crystallized Li 2 B 4 O 7 matrix with the luminescence maximum at 322 nm (3.85 eV) related to the emission of the dopant silver atoms or ions with the maximum at 278 nm (4.46 eV). This is also evidenced by the fact that the photoluminescence maximum of the monocrystalline LTB:Ag at 260-270 nm (4.77-4.59 eV) [4] [5] [6] and the glassy LTB:Ag at 300 nm (4.13 eV) [5] agrees well with the maximum of the polycrystalline LTB:Ag studied by us, while the nature of the luminescence in this region is due to the emission of Ag + ions at the 4d 9 5S → 4d 10 transitions.
Conclusions
In accordance with the analysis of the energy dependences of XL for the crystallized Li 2 B 4 O 7 -based materials doped by copper, manganese and silver, one may conclude that the X-ray luminescence in these materials is mainly due to the transitions between the energy levels of the dopant atoms and ions lying in the "transparency window" energy region 250-500 nm (2.48-4.96 eV) and the levels formed due to the ions and atoms, which form the LTB matrix.
